Peptides derived from the heptad repeat 2 (HR2) region of the HIV fusogenic protein gp41 are potent inhibitors of viral infection, and one of them, enfuvirtide, is used for the treatment of therapyexperienced AIDS patients. The mechanism of action of these peptides is binding to a critical intermediate along the virus-cell fusion pathway, and accordingly, increasing the affinity for the intermediate yields more potent inhibitors. We took a different approach, namely to increase the potency of the HR2 peptide inhibitor C34 by targeting it to the cell compartment where fusion occurs, and we show here that a simple, yet powerful way to accomplish this is attachment of a cholesterol group. C34 derivatized with cholesterol (C34-Chol) shows dramatically increased antiviral potency on a panel of primary isolates, with IC 90 values 15-to 300-fold lower than enfuvirtide and the second-generation inhibitor T1249, making C34-Chol the most potent HIV fusion inhibitor to date. Consistent with its anticipated mechanism of action, the antiviral activity of C34-Chol is unusually persistent: washing target cells after incubation with C34-Chol, but before triggering fusion, increases IC 50 only 7-fold, relative to a 400-fold increase observed for C34. Moreover, derivatization with cholesterol extends the half-life of the peptide in vivo. In the mouse, s.c. administration of 3.5 mg/kg C34-Chol yields a plasma concentration 24 h after injection >300-fold higher than the measured IC 90 values. Because the fusion machinery targeted by C34-Chol is similar in several other enveloped viruses, we believe that these findings may be of general utility. antiretroviral drug ͉ enveloped viruses ͉ lipid rafts ͉ peptide therapeutic
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ore than 33 million people are infected with HIV worldwide (www.unaids.org). Because of the persisting difficulties in developing a vaccine against HIV (1), the discovery of drugs to treat infected people and of prophylactic agents to prevent HIV infection remains a critical medical need. Despite considerable progress on this front, an increasing number of patients ultimately become resistant to highly-active antiretroviral therapy (HAART) because of the emergence of variants that are resistant to current treatment regimens (2) . Moreover, patients may become infected with virus already resistant to multiple drugs (3) , highlighting the need for continuous development of novel agents.
The majority of approved HIV drugs belong to the reverse transcriptase inhibitor and protease inhibitor classes (www.fda. gov), whereas very few exploit alternative mechanisms. One such mechanism is interfering with fusion of viral and cellular membranes, as exemplified by the fusion inhibitor (FI) enfuvirtide (2, 4) .
The current view of the chain of events leading to HIV entry is schematically depicted in Fig. 1 . Briefly, binding of the gp120 subunit of the trimeric envelope glycoprotein to the CD4 receptor and the chemokine coreceptor (CXCR4 or CCR5) triggers a conformational change in the unmasked subunit gp41, where two regions, the N-terminal heptad repeat 1 (HR1), and the C-terminal heptad repeat 2 (HR2) become separated in the so-called prehairpin intermediate, which bridges the viral and cell membranes (5) . In the prehairpin structure, HR1 forms a trimeric coiled-coil, onto which HR2 folds to form a 6-helical bundle, whose formation drives the two membranes in close apposition, ultimately leading to their fusion. Structural details have been obtained of 6-helix bundle formed by the HR1 peptide N36 and the HR2 peptide C34 (6) . In this view, inhibitors that bind to the prehairpin intermediate and prevent its transition to the 6-helical bundle inhibit viral entry. Such is indeed the case for C34, T20 (4), which spans part of the HR2 region and the sequence downstream (Fig. 1) , and several other FI-targeting HR1 or HR2, including peptides, proteins, and small molecules (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
The successful use of enfuvirtide in the clinic has stimulated efforts to develop more potent peptides that are also active on enfuvirtide-resistant strains (22, 23) . Because C34 shows essentially no helical structure before folding onto HR1 to form the 6-helix bundle, HR2-derived peptides have been designed with enhanced helical structure in solution, which translates into greater strength of association with the HR1 coiled-coil and greater antiviral potency (8) (9) (10) 24) . Hybrids between C34 and T20 have also been pursued because the membrane-proximal region of gp41, included in T20, is beneficial for half-life (11) . Although these peptides form 6-helix bundles with much increased stability with respect to C34, there appears to be a limit to the increase in potency that can be achieved by this route, with antiviral activity reaching a plateau over a wide range of bundle stability (8) .
We took a different approach, namely to increase the potency of C34 by targeting it to the cell compartment where fusion occurs, through introduction of a membrane anchor in the form of a cholesterol group (C34-Chol).
hormones including opioids, tachykinins, and melanocortins exploit this mechanism by having in their sequence an ''address'' region responsible for membrane association, which is complemented by a ''message'' region, specific for the receptor type.
For peptide FI, and T20 in particular, a number of examples document the advantage of this strategy. For example, a construct including T20, a short linker, and a transmembrane (TM) domain, was a more powerful inhibitor than the same construct lacking the TM domain (29, 30) . Importantly, mutations in the membrane-proximal region of T20, which completely inactivated the free peptide, did not reduce the potency of the membraneanchored one (29) . It was also reported that addition of a C-terminal octyl group to T20 significantly increased its inhibitory potency. As in the previous example, octylation could rescue the activity of the inactive mutant, in which the Cterminal residues GNWF were replaced by ANAA. Importantly, the position of the octyl group was critical because N-terminal derivatization had no effect on antiviral potency (31) , in line with the need for an antiparallel orientation with respect to HR1 (see Fig. 1 ).
However, despite the recognition of the correlation between lipid binding and antiviral activity in FI, no systematic effort has been carried out so far to develop an optimized lipid anchor. To this aim, we have chosen C34 instead of T20 because the former has more potent antiviral activity in vitro, whereas the latter already includes a hydrophobic C-terminal segment that drives insertion into lipid membranes (32) (33) (34) (35) (36) .
We hypothesized that a cholesterol group would be the most appropriate type of lipid anchor because of the role that cholesterol-enriched lipid rafts play in HIV fusion. A substantial body of evidence supports the importance of lipid rafts and cholesterol in HIV entry (37, 38) . The composition of the lipid membrane of HIV is different from the composition of the host cell membrane, being particularly enriched in cholesterol and sphingomyelin (39) (40) (41) . This lipid composition likely results from fusion occurring in high-order complexes in confined areas of the interacting viral-host membranes (36) . Accordingly, cholesterol and sphingolipids are often laterally segregated in membrane microdomains known as ''lipid rafts'' (36) . A number of transmembrane proteins and receptors are particularly enriched in lipid rafts, and these include CD4, the primary receptor for HIV (41) . In addition, gp41 associates with caveolin-1 (42), the structural protein component of a subset of lipid rafts known as caveolae (43) . Because caveolin-1 is a cholesterol-binding protein (44) , cholesterol is enriched in caveolae together with HIV-1. Finally, the increased ability to partition into cholesterolrich membranes has been proposed recently as the reason behind the increased clinical efficacy of the second-generation inhibitor T1249 with respect to T20 (32) .
In addition to being appropriate for HIV, cholesterol is an ideal anchor to localize stably a peptide to a lipid membrane. There is a general relationship between the degree of hydrophobic modification and the stability of membrane insertion (45) . Quasi-irreversible binding requires the presence of two long-chain anchors in the molecule, for example, palmitoyl and farnesyl, or hexadecyl and farnesyl (46) . The same quasiirreversible binding is achieved with a single cholesteryl moiety (47) . The use of cholesterol for membrane targeting of a peptide has just been described to increase the potency of a transitionstate ␤-secretase inhibitor (48) .
In summary, addition of a cholesterol group to a FI should increase its potency by two complementary mechanisms: (i) generic increase of affinity for membranes, and (ii) specific enrichment in the lipid rafts, where HIV-cell fusion occurs.
Based on the above considerations, we prepared a derivative of C34 (C34-Chol) with a cholesterol group attached, via a thioether bond, to the side chain of a cysteine residue added to the C terminus. To allow for flexibility between the lipid anchor and the C34 sequence, a Gly-Ser-Gly spacer was inserted between the two. Importantly, the current model for HIV fusion indicates the need for an antiparallel arrangement of the N-and C-domain peptides (C34 is derived from the latter) and dictates that the position of a membrane anchor should be at the C terminus of C34: N-terminal derivatization would interfere with binding to the N-peptide (see Fig. 1 ).
Structure-Activity Relationship for Cholesterol Derivatization. Table 1 shows the sequence of C34-Chol and a number of control peptides used in our studies. These include the control C34-Acm, where the extra cysteine was capped by alkylation with iodoacetamide; Chol-C34, where cholesterol was attached to the N terminus of C34, to investigate the positional dependence of derivatization on activity; C34-Pam, where the lipid moiety was a C16 palmitoyl group instead of cholesterol; and the derivative of enfuvirtide (T20) with cholesterol.
The antiviral activity of these peptides in the single-cycle infectivity assay against the HIV strain HXB2 is shown in Table  2 . The results are fully consistent with the design: (i) Addition of cholesterol to C34 increases its antiviral potency 50-fold over C34 and the control peptide C34-Acm. (ii) Addition of cholesterol at the N terminus instead of the C terminus is detrimental to antiviral activity (50-fold decrease compared with underivatized C34), likely resulting from the contrasting orientation needs of cholesterol and C34 for binding to the cell membrane and the hairpin intermediate, respectively (see Fig. 1 ). (iii) A different lipid group like palmitic acid does not have the same effect as cholesterol: C34-Pam has activity comparable with that of underivatized C34. This would be consistent with both the reduced affinity for membranes of the fatty acid versus cholesterol and the different tendency of fatty acids and cholesterol to partition in raft microdomains (49) . (iv) The potency-enhancing effect observed with C34 does not occur with T20, whose lipophilic segment already has intrinsic affinity for a lipid membrane (32): when cholesterol is added C-terminally to T20, the effect is actually to decrease antiviral activity, perhaps because of interference between the two lipophilic moieties.
Notably, in the only other reported example of cholesterol tethering to a peptide, the same absolute need for C-terminal versus N-terminal linkage of cholesterol was observed, and palmitoyl derivatization was inferior to cholesterol in promoting biological activity (48) .
C34-Chol Is the Most Potent HIV FI Known to Date.
We next examined the breadth of the antiviral response of C34-Chol (Table 3) . When tested on a variety of viral strains, including primary isolates, C34-Chol showed widespread response with comparable IC 50 in all strains. Across the whole panel, C34-Chol was Ϸ50-fold more potent than C34 or C34-Acm.
Further analysis of the antiviral potency of C34-Chol is shown in Table 4 , where the antiviral activity of C34-Chol is compared, in two separate experiments, with underivatized C34, and with T20 and the second-generation FI T1249 (32, 50) , which is active against most enfuvirtide-resistant strains (23) . Comparison of the IC 90 values, a stringent measure of antiviral potency, across a panel of HIV primary isolates from multiple subtypes shows that, depending on the strain tested, C34-Chol is 25-to 100-fold more potent than C34, 50-to 400-fold more potent than enfuvirtide, and 15-to 300-fold more potent than T1249. Overall, C34-Chol is the most potent HIV FI known to date.
Mechanism of Action (MOA) of C34-Chol. As pointed out, a number of peptide FI were designed successfully based on the hypothesis that greater strength of association with the HR1 would translate into greater antiviral potency (8-10, 24) . Based on the hypoth- The antiviral potency was determined in a single-cycle infectivity assay. All data were from three independent experiments and are expressed as mean Ϯ SEM. * Strain sf162p3. † VSVG is a control virus with no HIV envelope. ‡ NA, not active.
esized MOA, this should not be the case for C34-Chol. Table 5 shows the relative ability of C34-Chol and related peptides to bind to the HR1 trimeric coiled-coil, by using a described competition assay (14) . C34-Chol, which inhibits HIV fusion 50-fold better than C34 (Table 2) , has 20-fold lower affinity for HR1 than C34. This lower affinity is likely caused by steric hindrance of the lipid group because C34-Acm binds slightly better then C34, whereas derivatization with palmitic acid or cholesterol yields comparable results. Interestingly, when cholesterol is attached to the N terminus of C34, inhibition of HR1 binding is further increased.
We then looked for evidence that C34-Chol accumulates at the target cell membrane, which in our hypothesis is key to its MOA. We performed an experiment where the peptide and its controls were incubated with P4-2/R5 cells at 37°C for 1 h, followed by thorough washing to remove any unbound peptide, and by addition of HIV-HXB2, to initiate infection. After 48 h, the antiviral activities of the residual peptides that survive the washing steps were measured. As shown in Table 6 , the washing step dramatically reduced the antiviral potency of C34 and C34-Acm, consistent with the knowledge that these agents need to be present at the time of HIV membrane fusion (51). However, washing only induced a 7-fold shift in the IC 50 of C34-Chol. Our interpretation [illustrated in supporting information (SI) Fig. S1 ] is that C34-Chol binds to the raft compartments of the membrane during the incubation step, and because of its high affinity for this compartment, it is not removed during the washing step. When infection is initiated by addition of the virus, C34-Chol is thus available for dominant-negative interference with 6-helix bundle formation.
This property makes C34-Chol particularly attractive for use in a topical microbicide to block sexual transmission of HIV (52) . Preferred agents for this use inhibit early steps in the HIV cycle, like attachment, fusion, and entry, to prevent integration of the viral genome into chromosomal DNA (53) . Successful use of entry inhibitors to block vaginal transmission of HIV in rhesus macaques has been reported (54) (55) (56) . It has been shown recently that C34 can completely block HIV infection of Langerhans cells when continuously present before, during, and after exposure of cells to virus, but only partially when the peptide is not present during incubation with virus (51) . In this setting, C34-Chol, which is retained at the site of action after washing, should be a superior agent to C34.
Effect of Lipid Derivatization on the Pharmacokinetics of C34-Chol.
Despite the high antiviral activity, C34 is unsuitable as a therapeutic because of its very short half-life. A favored approach to improve peptide pharmacokinetics is conjugation to lipids (57) , which prolongs half-life in circulation through binding to serum proteins. The most typical derivatization is with long-chain fatty acids, whereas derivatization with cholesterol has been little explored (57) . However, a recent report on the comparative efficacy in vivo of intravenously administered lipophilic derivatives of siRNA showed that derivatization with cholesterol and related molecules gave the highest biological activity (58) . Therefore, we investigated whether derivatization with cholesterol, in addition to providing improved antiviral potency, also extends the half-life of the peptide in vivo. Fig. 2 shows the pharmacokinetics of C34-Chol and C34-Acm when injected s.c. into the mouse at the concentration of 3.5 mg/kg. Derivatization with cholesterol dramatically improved the circulatory half-life of the peptide: whereas C34-Acm was undetectable in plasma after 6 h, Ϸ130 nM C34-Chol was still detectable in plasma 24 h after injection; this concentration is still Ͼ300-fold higher than the IC 90 measured against multiple HIV strains (80-360 pM, Table 4 ). The calculated pharmacokinetic parameters are given in Table S1 .
In conclusion, we have shown here that targeting a FI to the membrane compartment where viral fusion occurs is a simple, yet powerful way to improve antiviral potency and that derivatization with cholesterol is a most appropriate way to achieve this goal. Moreover, we show that increased potency comes together with other desirable properties, like accumulation at the site of action and improved pharmacokinetic properties. Because the fusion machinery targeted by C34-Chol is similar in several other enveloped viruses (59), we believe that these findings may be of general utility.
Materials and Methods
Peptide Synthesis. See details in SI Materials and Methods.
HIV-1 Infectivity Assay. P4 -2/R5 cells (HeLa cells expressing endogenous CXCR4 and stably transfected to express CD4 and CCR5, which also contain an integrated ␤-galactosidase reporter gene under control of an HIV LTR promoter) maintained in phenol red-free DMEM, 10% FBS, and 1% penicillin/ streptomycin were seeded in 96-well plates at 2.5 ϫ 10 3 cells per well and infected the next day with the HXB2 or other strains of HIV-1 in the presence of the test inhibitory peptides at 37°C. After a 48-h incubation, cells were lysed, and ␤-galactosidase was detected by using Gal Screen chemiluminescent substrate (Applied Biosystems) according to the manufacturer's instructions. Data were obtained by using a Dynex luminometer, and IC 50 values were calculated by KaleidaGraph.
In one set of experiments where the retention and functioning of C34-Chol, C34-Acm, and C34 on target cell surface were evaluated, each peptide was preincubated with P4-2/R5 cells at 37°C for 1 h, followed by three washes with culture medium to remove unbound peptides (no wash as control) and addition of HXB2 to initiate infection. After 48 h, the antiviral activities of the residual peptides that survive the washing steps were determined by measuring the ␤-galactosidase activities within lysed cells as described above.
HR1/5H Peptide Competition Assay. This is a modification of a described assay (14) .
